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Abstract 


NMR  spectra  and  conductiv.zy  of  liquid  and  frozen  HCiO^  f.5  H^O  have 

2 

been  obtained  over  wide  temperature  range  (  1  ■MO  to  3bOK ) .  The  H  I.MR  spectra 
show  a  giadual  broadening  of  an  isotropic  resonance  at  lower  temperature  from 
^  -  2Hz  at  300K  to  50  kHi;  at  '7 OK.  At  even  lower  temperatures ,  flat  top 
spectra  of  breadth  170  kll^  were  .cserved.  The  presence  of  isotropic  spectra 
above  170^  indicates  that  the  Qc-terons  (protons)  are  relatively  mobile  even 
in  the  frozen  state.  A  piot  of  >'  il  Ai^^)  vs-  (1/T),  tne  Arrhenius  plot, 
further  reveals  the  presence  of  t-o  phase  transitions  centered  at  228  ♦  2K  and 
180  ♦  5K .  Conductivity  measuremerts  agree  well  with  the  NMR  resL.ts.  The 
activation  energies  were  determine:  from  NMR  (conductivity)  measurements  to  be 
0.27  eV  (0.29  eV )  from  228-180K  at.:  0.90  eV  (0.36  eV )  from  180  to  190K. 


fctroduct i on 


In  recent  studies  it  has  bee:  shown  that  the  investigation  of  processes 


at  the  metai  -  aqueous  electrolyte  interface  can  be  extended  to  temperatures 


below  the  freezing  point  of  tne  e.ectrolyte,  and  it  has  been  demonstrated  for 
reactions  as  well  as  double  layer  properties  1-3- .  The  electrolyte  that  has 


been  used  m  these  investigations  was  aqueous  perchloric  acid  of  tne  composi¬ 
tion  HC10^*5 .5H.0.  In  the  phase  ciagram  of  H  O-HCIO^  this  compos. t ion 
represents  an  acidhydrate  of  a  stoichiometric  composition  witn  the  highest 
water  content  possible.  v  The  freezing  point  of  that  compound  is  225k. 

Recently  the  structure  of  HC  i  0^*5 . 5H^0  was  determined  by  Mootz  e:  ai  .  /4,5 
using  X-ray  di  ff  ract  ion .  According  to  Mootz  and  Wiebko  »4  the  ctr.pound 


crystallizes  m  a  clathrate  structure,  similar  to  several  gas  hyo-ates,  of  the 
cubic  *28  type.  II  0  arid  H+  form  tne  host  lattice  while  C101  "  is  tne  guest. 

At  temperatures  T  <  173K  a  higne:  end0'’  Dhase  transformation  scerris  to 


N  ‘  ' ;  1 


take  place  which  is  reversible  upon  going  back  to  higher  temperatures. 

Since  this  perchloric  acid  hydrate  is  a  suitable  electrolyte  also  in  thr- 
frczen  state  it  was  assumed  that  the  protons  are  relatively  mobile  even  in  the 
solid  phase.  In  order  to  clarify  this  point,  !.'“R  and  conductivity  measure¬ 
ments  were  performed  to  obtain  some  insight  into  the  proton  mobility  of 
HClO^b.bH^O  at  various  temperatures  in  the  liquid  and  frozen  state  of  tne 
electrolyte.  ~Y’\: 

* 

Experimental 

The  conductivity  measurements  were  performed  using  an  a.c.  bridge 

technique  (1kHz)  and  fast  galvanostatic  pulses.  The  latter  technique  does 

only  give  the  resistance  and  a  calibration  was  ..sed  to  obtain  conductivity 

2 

values.  The  ceil  consisted  of  two  platinum  fc..s,  each  of  approx.  2  cm  area, 
which  were  positioned  approx.  1mm  apart  from  eact  other.  The  cell  is  similar 
to  the  one  described  earlier  /j  and  had  a  temperature  accuracy  of  approx.  ♦ 

2K .  Measurements  were  performed  in  an  aqueous  solution  of  HCIO^  (ACS  grade) 
which  corresponds  to  the  composition  of  the  5.5  hydrate.  Measurements  were 
not  performed  :r,  deuterated  solutions.  The  difference  between  ll+  and  D+  was 
not  considered  crucial  for  this  prel  immary  st~dy.  The  conductivity  was 
measured  as  a  function  of  temperature  from  higher  to  lower  temperatures  and 
vice  versa. 

Deuterium  NMH  quaarupolar  spectra  were  ottained  on  a  home-built  juo  MH^ 
spectrometer  {^H  frequency  -  At  MHz)  interfaced  to  a  Nicoiet  126u  computer 
data  system  with  293B  pulse  programmer  and  a  2o90  transient  recorder  capable 
of  digitizing  up  to  2  Muz  at  12  bit  resolution.  Spectra  without  proton 
decoupling  were  obtained  using  either  a  single  pulse  sequence  for  temperatures 
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above  190  K  where  T  the  sp:r.-sp;n  relaxation  t i.r,c ,  is  long,  .•  quadrupolar 
echo  technique  / 6 /  for  temperatures  below  190  K  (P  _  '  2  mi cr tsecond )  . 

Recycle  delay  times  were  varied  between  0.2  to  9  s  depending  c*  temperature. 
Samples  were  cooled  with  temperature  regulated  nitrogen  gas  at  50  cubic  feet 
per  hour .  Between  10-15  mir.-tes  were  allowed  for  sample  to  e:_.librate 
between  temperature  changes.  ’he  complete  equilibration  norma,  .y  takes  3 
minutes  as  monitored  by  NMR.  Temperatures  were  calibrated  w.tt  a  platinum 
resistor  placed  inside  a  ca,  .trat  i or.  sample  and  the  accuracy  .a  estimated  to 
be  +  2°C .  The  sample  for  the  NMR  measurements  was  a  5 rm  x  1.-  cm  sample  tube 
contains  0.25  ml  of  HCLO^  5-tr  .0  which  was  prepared  by  mixing  i.22g  D^0  with 
7.08g  of  71H  HC10^  ,  thu  corresponding  to  D:H  molar-  ratio  of  approximately 
1.1. 

Results  and  Discussion 

The  results  of  the  conductivity  measurements  are  shown  .r.  Fig.  1  it.  an 
Arrhenius  piot.  Essential.)'  three  different  ranges  can  be  extinguished.  In 
the  liquid  electrolyte,  above  22  dk ,  the  activation  energy  c:  :ne  conductivity 
is  small,  approx.  u.Uae. .  After  freezing  of  the  electrolyte,  no  discontinuity 
seems  to  appear  in  the  conductivity  but  tne  activation  er.erg.  becomes  much 
larger,  0.29eV.  Tins  value  is  still  relatively  small  for  a'  ionic  conduction 
process.  At  lower  temperatures,  T\l80K,  a  further’  change  .*  slope  is 
observed.  The  activation  energy  uaieuiated  from  the  siopc  s  approx.  u.37eV, 
slightly  higher  than  the  one  at  higher  temperatures. 

Fig.  2  shows  deuterium  quadrupole  spectra  of  the  aque.-s  perchloric  acid 
at  various  temperatures .  The  temperature  dependence  of  th-:  NMR  spectra  shows 
two  prominent  features:  (i)  a  gradual  broadening  of  the  r..gh  temperature 
isotropic  line  from  2Hz  at  2  93  K  to  28  kHz  at  171K  arid  (i;  a  sharp  transit  ior, 
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from  an  isotropic  line  to  a  broad  spectrum  at  170  *  4K .  Also  shown  in  Fig.  2 

is  a  deuterium  quadrupole  spectrum  of  pure  D^O  at  24  jk.  The  ioO  spectrum  has 

breadth,  the  separation  of  the  two  prominent  edges,  of  -  170  kH2  and  asymmetry 

parameter  n  0.1.  This  is  characteristic  of  immobilized  deuteror.s.  The 

breadth  of  the  deuterium  quadrupc.e  spectrum  of  perchloric  acid  dexterous  at 

15 ik  is  also  170kH  .  However,  tr.e  presence  of'  flat-top  1  i ne shape  indicates 

4  - 1 

tnat  the  deuterons  in  HClO,.*5.5H  o  are  still  reorienting  at  1u  s  /9-11  . 

M  £ 

Fig.  3  shows  the  temperature  dependence  of  Tn  (1/An.  ),  where  is 

the  half  width  of  the  isotropic  resonance  above  1 7 OK .  This  plot  reveals 
additional  information  on  the  nature  of  the  electrolyte  system.  Two  transi¬ 
tions  with  the  midpoint  of'  the  transition,  T  ,  at  228  t  2K  and  161.  »  5K  are 
observed.  A  complex  supercool ing  effect  was  observed  for  the  higr,  temperature 
transition.  When  the  temperature  was  decreased  from  above  T  ,  the  complete 
transformation  did  not  occur  ur. t;.  208K.  This  transformation  is 

characterized  by  the  observation  e:  a  single  narrow  isotropic  deuterium 
spectrum  whose  linewidth  i  r, creases  ~ith  decreasing  temperature,  however,  when 
tr.e  temperature  was  raised  from  c.  8  to  228K,  the  deuterium  spectrum  consists 
of  two  components,  a  broad  component  characteristic  of  the  low  temperature 
pnase  and  a  narrow  component  characteristic  of  the  highly  mobile  prase.  The 
relative  population  of  these  two  components  varies  with  temperate!  •_  in  the 
sense  that  high  temperature  t'avors  tne  mobile  component.  The  nature  of  this 
complex  behavior  is  currently  unoer  investigation.  The  low  temperature  T 
agrees  quite  well  with  our  conduct. vity  measurements.  The  observat .wti  of 
isotropic  lines  at  the  temperatures  where  perchloric  acid  is  frost-:.,  i.e., 
below  226K ,  provides  direct  evidence  that  deuterons  are  quite  mob. .e  in  ttiis 
solid  perchloric  acid  ciathrate. 


Line  narrowing  can  take  place  througn  thi  ee  mechanisms,  the-  diffus 


deuterons  from  site  to  site  in  the  clathrate  lattice  / 12/,  the  180°  reorien¬ 
tation  of  the  water  molecule  with  respect  to  the  H-O-H  bisector  without 
diffusion,  and  the  coexistence  of  reorientation  ana  diffusion.  In  the  :5st 
limit,  the  diffusion  process  averages  the  deuterium  spectrum  to  an  isotropic 
line  whereas  a  broad,  1  spectrum  of  breadth  120  fcH  is  expected  tor  tr.e 
anisotropic  reorientation  process  alone  7,9'-  Our  observation  of  isotrcp.c 
lines  above  1 7 OK  suggests  that  reorientation  of  deuteron  alone  can  not  explain 
the  observation  and  that  the  deuteron  must  be  diffusing  rapidly  through  tne 
lattice.  The  correlation  time  of  tr.e  diffusion  process  is  related  to  the 
increase  ir.  linewidth,  ,\i>^  by  the  following  equation  -  13, 14  / . 


1  2 


1 

irT . 


(  1 


"  j,K  j 


i) 


where  is  the  spin-spin  relaxation  time,  u  is  the  asymmetry  parameter, 

2 

e  qQh  is  tne  quadrupole  coupling  constant  (  2u0  kHc)  and  i ^  is  the 
correlation  time  for  the  diffusion  process.  Since  n  V. 1  for  deuterons  .n 
water-,  tne  asymmetry  contribution  is  negligible  and  tne  i  me  broadening  ear.  oe 
related  to  the  correlation  time  r  and  hence  the  diffusion  rate  k  -  1 .  i .  ,  as 


where 


k  ;  C  An  ^ 


Urr  a  qQ 


C  - 


U) 


Therefore  a  plot  of  Cn  vs.  1  'I  will  allow  us  to  determine  the 


activation  energy  I'o  t-.e  reorientation  process.  This  .s  shown  in  Fig.  1 . 

The  activation  energies  were  found  to  be  U.04  +  0.U2  e.  > above  230  K),  0.27  < 
0.05  eV  (180-228K)  and  0.9  ♦  0.1  eV  (170-180  K).  These  agree  quite  well  with 
that  obtained  from  conductivity  measurements  of  0.02  e..  0.29  eV  and  0.36  eV  , 
respectively.  Since  conductivity  measurements  monitor  trie  diffusion  process 
it  is  tempting  to  conci..de  tiiat  the  narrowing  of  the  d-t-^terium  spectrum  is 
also  due  to  diffusion.  However,  it  is  not  necessarily  so.  Soda  and  Chi  be  has 
measured  the  activatior.  energies  of  the  reorientation  process  of  several 
hydrates  and  found  tnerr  to  vary  between  0.25  to  0.7  eV  9/.  Garg  and  Davidson 
have  employed  the  second  moments  of  the  proton  NMR  spectra  to  determine  the 
dynamics  of  Class  1  arc  11  clathrate  ices  and  have  cor, eluded  that  although 
reorientation  may  produce-  line  narrowing  at  somewhat  ic-er  temperatures  than 
diffusion,  the  two  processes  appear1  to  be  effective  in  rearly  the  same 
temperature  range  1u  .  Therefore  the  NMR  spectral  averaging  is  likely  to  be 
the  combined  effect  cf  reorientation  and  diffusion.  We  snould  aiso  point  out 
that  at  iewer  temperatures  (below  1 80K )  the  extreme  r, arrowing  condition,  i.e., 
wt  ■  1,  may  not  be  va .  i d ,  therefore  the  activatior,  energy  obtained  at  these 

low  temperatures  must  be  taken  with  caution. 

Recently  using  do. .ten  urn  NMR  spin-al  ignment  tuchn.q-e,  Fujara  ct  al  . , 
have  measured  the  geometry  ar,d  time  scale  of  the  tetraredral  jump  ot  in 
deuterated  poiycrysta* .  me  hexagonal  ice  (In)  12  .  also  concluded  that 

these  tetrahedral  jumps  are  due  to  diffusing  Bjerruir.  vacancies .  If  one  assume 
that  diffusion  is  responsible  for  the  NMR  spectral  averaging,  trier,  one  Can 
determine  ttie  diffusion  rate  of  Jeuteron  from  the  foik,-.r,g  equation 

-2 

x 
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where  x  38  is  the  separation  of  ceateron  m  the  elathrate  lattice  and  1  is 

the  correlation  time  of  the  diffusion  process  which  can  be  taken  3s  the  time 

it  takes  for  the  deuteron  to  hop  frcir.  site  to  site.  The  calculated  diffusion 

constants  follow  the  same  curve-  as  *'r.  1/Ai^  ,  ^  and  are  shown  in  Fit-  3-  They 

vary  from  ■  10_t}  cm^/s  at  260  K  to  3  x  10  cm"'  s  at  170  K.  Frc-eV.  1  rig  of 

the  electrolyte  at  228  K  reduces  tr.e  oiffusiori  constant  by  a  factor  of  7  from 

-7  -8  2 

■  4  x  10  to  5.8x10  cms. 

When  we  compare  our  results  w.m  data  obtained  from  X-ray  diffraction 
.'4,5  ■  there  is  a  quite  good  agr  eeir.tr  t .  The  elathrate  structure  wr.ch  was 
determined  for  HCIO^*5.5H^O  contains  large  void.,  and  1  r.  assigning  tr.e 
diffraction  patterns  the  authors  reported  that  no  sharp  reflexes  eo^ld  be 
obtained  for  the  protons.  This  a. ready  indicates  that  the  protons  exhibit  a 
large  mobility  in  the  solid  matrix.  The  higher  order'  phase  tt  ansfermat ion 
found  at  T 7 3 K  coincides  well  with  tr.e  changes  m  slope  found  in  tr.e  Arrhenius 
plots  of  tne  conductivity  and  also  tne  NH!<  data.  The  rearrangement  <f  the 
latt.ee  at  this  temperature  makes  the  motion  of  the  protons  obvio..s.y  less 
favorable.  In  conclusion,  our  cor.d-etivity  and  NMh  data  shows  that  tne 
dcoter  .•»  ( proton )  in  the  HC10  *5.5H,0  elathrate  are  very  mobile  even  in  the 
freoer,  state  and  that  two  structural  transitions  are  observed  whie*  are 
centered  at  22 8  ♦  2  k  and  l6u  <  5  K. 
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F  i£ure_Ca£t  ions 

Fjg.  J_.  Atrhenius  plot  of  the  electrical  conductivity  HC  10^*5  -  511 ,0  in  trie 
temperature  ree.  140  -  30uK. 

t*  1  £ .  2  .  ueii  t£  v  l  urn  Q  Lie:  C  '  U  pO  i  tJ  fJMh  spectra  of  the  purer  .  _ric  .acid  hydrate  at 

various  temperatures.  Spectra  were  obtained  *.cn  the  quad! upoie  e.n 
technique  witr.  r  -  2  ps  and  digitized  at  l  Recycle  times 

were  varies  fr  -m  u.cS  t  1 7  3K )  to  4S  ( 153K) .  A. a:-  shown  on  the  figure 
is  a  spectrum.  .  f  !).,0  at  243k  v  hot  ton) .  Sec-  ter.t  tor  details. 

Fit.- _ 2-  The  temperature  var  iations  of  deuter  ium  qm  dr, .cole  NMh  spectral 

2 

1  ir.ewidtn,  ti  .  (H::)  ana  diffusion  constant,  2  tern  s).  The 

i  it.ewidth.s  «er  c  determined  by  line-shape  simulation  or.  a  Nicolet  1260 
computer  us.-,.'  .SMROAr  p  re  gram . 
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